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Abstract 
Power plants, except the nuclear ones, release relatively high amounts of carbon dioxide. The increasing use of coal 
to detriment of natural gas will contribute to increase the anthropogenic CO2 emissions. Improving thermal 
efficiencies will slightly reduce the CO2 emissions but it is essential to design, in the same time, processes 
recovering carbon dioxide at low cost. A comparison between various concepts suggests that, in the short and 
medium term, chemical absorption is one of the most interesting processes. Kinetics is an important characteristic 
when designing absorption columns, but one must keep in mind the energy requirement for the solvent regeneration. 
The present study aims to assess the performances of a new aqueous solvent (blend of methyldiethanolamine 
(MDEA) and triethylene tetramine (TETA)) and compare them with more conventional solvents such as aqueous 
solutions of MDEA and of monoethanolamine (MEA). The post-combustion recovery process using these different 
solvents was evaluated using the software Aspen PlusTM. The CO2 concentration in the flue gas was 5 vol.% for a 
Natural Gas Combined Cycle power plant (NGCC) and 14 vol.% for a Pulverized Coal power plant (PC). The 
simulations show that the new solvent containing the blend of MDEA and TETA reduces the energy requirement for 
the solvent regeneration: 2.55 GJ t-1 CO2 for the PC power plant and 3.00 GJ t-1 CO2 for the NGCC power plant. 
This represents a decrease ranging from 15 to 25% compared to the results obtained with MEA and MDEA.  
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1. Introduction 
Thermal power plants release high amounts of carbon dioxide. The increasing use of coal to detriment of natural 
gas will contribute to increase the anthropogenic CO2 emissions. Improving thermal efficiencies will slightly reduce 
the CO2 emissions but it is essential to design, in the same time, processes recovering carbon dioxide at low cost. A 
comparison between various concepts suggests that, in the short and medium term, chemical absorption is one of the 
most interesting processes. A post-combustion CO2 capture process based on chemical absorption was modelled 
with the Aspen Plus™ software. Three types of solvent were evaluated: the first containing MonoEthanolAmine 
(MEA), the second MethylDiEthanolAmine (MDEA) and the third containing a mixture of MDEA-TETA. The 
TriEthylene TetrAmine (TETA) has four amino groups, two primary and two secondary. The TETA vapour pressure 
is lower than 0.1 Pa at 303 K, which will limit the solvent loss in a CO2 recovery process. This amine is very 
reactive with CO2 and has been used to activate MDEA. The CO2 absorption rate and the CO2 solubility have been 
measured experimentally in the solvent blend [1-2]. Two mass concentrations for each amine have been assessed: 
17.5 and 40 wt.% for MDEA, 3 and 6 wt.% for TETA.
2. Thermodynamics 
The calculations inside Aspen PlusTM are based on equilibrium data. The software includes an important database in 
order to directly calculate the thermodynamic state of a system. Especially for the electrolyte systems, it provides some 
inserts enable to deal with vapour-liquid equilibrium in presence of chemical reactions. Each insert includes a 
thermodynamic model and different interaction parameters which have been regressed from experimental data. Since 
the results are highly dependent on the equilibrium curves, a particular attention has been paid to select a rigorous insert 
for the CO2-H2O-MEA and CO2-H2O-MDEA systems. For the former, the EMEA and MEA inserts have been assessed 
for different temperatures and different amine concentrations. The equilibrium curves obtained with the software have 
been compared with the data of Jou et al. [3] and those of Austgen and Rochelle [4]. There is a good agreement 
between the EMEA insert and the experimental data. This last insert has been selected for the simulations. For the CO2-
H2O-MDEA system, three inserts have been compared: MDEA, EMDEA and PMDEA. The EMDEA insert was 
chosen as it matches very well the data of Jou et al. [5] and Austgen and Rochelle [4]. These inserts use the electrolyte 
Non Random Two Liquid (NRTL) model, which is suited for electrolytic aqueous solutions. For the CO2-H2O-MDEA-
TETA system, the CO2 solubility has been determined experimentally for four compositions over a wide range of CO2
loadings. The MDEA concentration was either 17.5 or 40 wt.% and the TETA concentration 3 or 6 wt.%. These 
equilibrium data were fitted inside the Aspen Plus™ software with the Data Regression System. The NRTL model has 
been chosen to represent the thermodynamic state of this system. The results are satisfactory but the best fit was 
obtained with the greatest MDEA and TETA concentrations and a CO2 loading above 0.1 mol/mol. 
3. Description of the power plants 
The power plants considered as the base cases in our work are a Natural Gas Combined Cycle (NGCC) of 
475.7 MW and a Pulverized Coal-fired power plants (PC) of 555.6 MW. These power plants were entirely 
modelled using Aspen PlusTM. The Redlich-Kwong-Soave state equation was used in the simulations, except for the 
water cycle where the STEAMNBS model was applied. The net electric efficiency of the NGCC and the PC power 
plants is respectively 59.5% (LHV) and 38.5% (LHV). The specific CO2 emission is respectively 338 and 
857 g kWh-1. The modelling of the power plants was validated by manufacturer data [6]. 
4.  Description of the alkanolamine process 
Description
The sketch of the alkanolamine process is represented on Figure 1. The flue gas is first compressed to 
0.114 MPa before the absorber to offset the pressure drop in the column. It is then washed by a lean aqueous 
solvent. A solvent rich in CO2 is recovered at the bottom of the absorber and it is pumped to the stripper. When the 
pressure increases, the energy requirement decreases but the reboiler temperature at the bottom of the stripper 
increases. The solvent pressure is thus limited by the dew point of the low-pressure steam necessary for the amine 
regeneration. The outlet pressure of the solvent pump is chosen to have a pinch temperature of 5 K between the 
steam dew point and the reboiler temperature. Before entering the stripper, the rich solvent is preheated in the heat 
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exchanger (ECH2) by the lean solvent recovered at the bottom of the stripper. A pinch temperature of 10 K has been 
selected for this heat exchanger. The lean solvent recovered at the bottom of the stripper has the same residual 
quantity of CO2 as the solvent entering the absorber. The CO2 gaseous stream recovered at the top of the stripper is 
compressed to 6.5 MPa by an inter-cooled compressor. It is then dehydrated by a triethylene glycol process. The 
residual quantity of water has been set to 20 ppm molar. The CO2 stream is then compressed to 15 MPa and cooled 
to 313 K to be liquefied. The CO2 purity in this stream is higher than 99.9 mol.%. The isentropic efficiency of the 
flue gas compressor is equal to 0.72, that of the CO2 compressor 0.85 and that of the final compressor of 0.87. A 
pressure drop of 0.01 MPa was considered in the absorption column and in the stripper. 
Figure 1. Alkanolamine process for CO2 capture 
Availability of the low-pressure steam for the CO2 recovery process 
Alie [7] showed that it was preferable, from an energy point of view, to use low-pressure steam from the steam 
cycle for the solvent regeneration rather than produce this steam by an external process. According to the type of 
power plant, the steam will not be available at the same pressure level. Since only the condensation heat is used for 
the amine regeneration, it is necessary to extract the steam at a sufficient pressure for having a dew point higher than 
the reboiler temperature. Taking into account this point, the low-pressure steam is extracted at 0.32 MPa for the 
NGCC and at 0.414 MPa for the PC power plant. By considering a 0.1 MPa pressure drop between the point of 
extraction and the reboiler, the steam dew point for the NGCC and PC power plants is respectively 396.4 K and 
406.7 K. The heat released during the cooling of the low-pressure steam until its dew point can be used for other 
applications (integration in the steam cycle, solvent pre-heating before the stripper, heating of liquid water, 
production of warm water for heating…). However, in this study, this heat was unused. The water is then re-injected 
into the water tank of the steam cycle. For the NGCC, some low-pressure steam is extracted from the steam cycle to 
heat this water before the water tank. For the PC, the condensate is directly sent back to the water tank. The heat 
contained in this water is thus lost. It could be used to preheat water [7]. 
Flue gas composition  
Two types of flue gas have been studied (Table 1). The first type corresponds to a NGCC and the second one to a 
sub-critical PC with desulphurization. The CO2 concentration in flue gas is respectively 4.97 and 14.0 mol.%. 
Table 1. Flue gas composition 
  NGCC CP 
Composition /mol.% H2O 11.02 6.4 
 CO2 4.97 14.0 
 O2 9.73 3.8 
 N2 74.28 75.6 
Pressure /MPa  0.1015 0.0913 
Temperature /K  373 369 
5. Results 
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The different models were developed using the Aspen PlusTM process software based on energy and mass 
balances [8-9]. The relative error tolerance for convergence was set at 0.01%. The CO2 capture rate lies between 85 
and 98%. The range of MEA concentrations varies from 10 to 30 wt % with a lean CO2 loading ranging between 0.1 
and 0.3 mol CO2/mol MEA. The MEA concentration was limited to 30 wt % in order to avoid any equipment 
corrosion or damage. For the MDEA, three concentrations were studied: 30, 40 and 50 wt % with a lean CO2
loading ranging between 0.01 and 0.08 mol CO2/mol MDEA. The latter values are lower than for MEA to be able to 
reach a CO2 recovery rate higher than 85%. For the solvent developed in this study, only the one with the highest 
MDEA concentration has been assessed since the heat duty decreases with the amine concentration [10-11]. 
Optimisation of the CO2 recovery process
A sensibility study has shown that compressing the flue gas before the absorber is not efficient from an energy 
point of view. The benefit on the solvent flow remains negligible compared to the compression work. The flue gas is 
thus compressed at the lowest level (0.114 MPa) to compensate for the pressure drop in the absorber. As mentioned 
earlier, the energy requirement in the stripper decreases with the pressure but, in same time, the reboiler temperature 
increases. Since the dew point of the low-pressure steam must be higher than the reboiler temperature, the pump 
outlet pressure is limited. In the simulations, this pressure was calculated stating a temperature difference of 5 K 
between the steam dew point and the reboiler temperature. Figure 2 represents the pressure in the stripper according 
to the CO2 lean loading for different cases. The increase in the pressure with the CO2 loading is to be related with 
the equilibrium data. For a fixed temperature in the reboiler, the CO2 partial pressure increases with the CO2 loading 
in the solvent. By comparing the results obtained for MDEA, MDEA+TETA and MEA, it is obvious that CO2
solubility has a huge impact on the stripper pressure. If the CO2 solubility is high, like in the MEA solvent, the 
stripper pressure remains quite low compared to the solvent with which the CO2 solubility is weak such as MDEA 
solvent. Thus, the more the solvent is regenerated (low lean CO2 loadings) the lower the pressure is. It is necessary 
to take this point into account to limit the CO2 stream compression work. 
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Figure 2. Influence of the lean CO2 loading on the stripper pressure 
Influence of the amine concentration and the lean CO2 loading on the solvent flow 
The effects of the amine concentration and the lean CO2 loading ( leanD ) on the solvent flow have been evaluated. 
The amine molar flow eamolQ min depends on the CO2 molar flow 2COmolQ  , the CO2 recovery rate W  and the 
absorption capacity of the solvent ( richD - leanD ) (Eq. 1). richD  represents the CO2 loading in the rich solvent and its 
value depends on the CO2 partial pressure in the flue gas, the temperature and the amine mass fraction in the solvent. 
The solvent mass flow solvmassQ   is then determined by using the amine molecular weight amM  and its mass 
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fraction amw  (Eq. 2). Thus, the solvent mass flow depends on its absorption capacity, on the amine mass fraction, 
on the CO2 flow rate and on its recovery rate. 
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For MEA, the absorption capacity does not vary much with the amine concentration since richD  remains very 
high compared to leanD . Moreover, a small variation of leanD  leads to a slight variation of the solvent molar flow. 
Thus, the solvent mass flow decreases with an increase in the MEA concentration. 
Unlike MEA, the absorption capacity of an aqueous solvent containing MDEA is strongly dependent on the 
amine concentration. For a flue gas coming from a NGCC, and for leanD = 0.05 mol CO2/mol MDEA, richD  reached 
0.178 mol CO2/mol MDEA for a solvent containing 50 wt.% MDEA and 0.271 mol CO2/mol MDEA with 30 wt.% 
MDEA. The solvent molar flow decreases by more than 35%. Thus, the solvent mass flow remains quite stable 
whatever the MDEA concentration is. 
For the MDEA+TETA solvent, increasing the TETA concentration leads to a decrease in the solvent flow since 
the CO2 solubility in the solvent is highly improved. Increasing the value of the lean CO2 loading leads to an 
increase in the solvent mass flow but to a less extent than with MDEA 
Influence of the amine concentration and the lean CO2 loading on the energy requirement
Only the results for the highest concentration of amines are reported since this corresponds to the lowest energy 
consumption (Figure 3).  
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Figure 3. Energy requirement (30 wt.% MEA, 50 wt.% MDEA, 40 wt.% MDEA + 6 wt.% TETA) 
For MEA, the strong increase in the energy consumption with the reduction of the lean CO2 loading was already 
observed by Sakwattanapong et al. [12]. With leanD between 0.2 and 0.3 mol CO2/mol MEA, the energy requirement 
does not vary much. The lowest flow obtained for leanD = 0.2 mol CO2/mol MEA is offset by an increase in the 
energy consumption per mass unit of solvent. Energy consumption is lower for a PC power plant because the CO2
recovery process takes advantage of a greater CO2 partial pressure in the flue gas. The minimum energy requirement 
calculated here is 3.56 GJ t-1 CO2 for the NGCC power plant with leanD = 0.2 mol CO2/mol MEA and 3.38 GJ t-1
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CO2 for the PC power plant with leanD = 0.25 mol CO2/mol MEA. A lean value of 0.15 mol CO2/mol MEA is more 
realistic since corrosion problems may arise above this concentration. The energy requirement is then much higher, 
respectively 6.0 and 4.4 GJ t-1 CO2.
For MDEA, the lean CO2 loading has a reduced impact on the energy requirement since the solvent flow and the 
enthalpy of reaction (energy required to break the bond between CO2 and ions) do not vary much. The minimum 
energy requirement calculated here is 3.65 GJ t-1 CO2 for the NGCC and 2.99 GJ t-1 CO2 for the PC power plant. 
Concerning the MDEA-TETA blend, the lowest energy requirements have been found for a lean CO2 loading 
around 0.04 mol CO2/mol amines. But, our thermodynamic model is better above 0.1 mol CO2/mol amines. So, only 
the energy requirements with a lean CO2 loading above this value are considered. Although the following values are 
not the optimal ones found in this study, they are lower than those found for a MEA or MDEA based solvent. For a 
lean CO2 loading of 0.1 mol CO2/mol amines, the energy requirement is 3.00 GJ t-1 CO2 for the NGCC power plant 
and 2.55 GJ t-1 CO2 for the PC power plant. Compared to the two other solvents, that represents a decrease around 
17% for the NGCC and between 15 and 25% for the PC power plant. The reduction in the solvent flow due to the 
addition of TETA coupled with the low enthalpy of reaction between CO2 and MDEA makes it possible to reach 
lower energy consumptions.  
Compression of the flue gas and of the CO2 stream 
In the process, there are three different compression works. The first one corresponds to the flue gas compressor, 
the second one to the rich solvent pump and the last one to the compression of the CO2 outlet stream from the 
stripper. The power consumption of the solvent pump is negligible compared to the two others. The results are 
summarized in Table 2. 
The specific energy consumption for the flue gas compression up to 0.114 MPa depends mainly on the flue gas 
pressure before the compressor. Compression requires 5.0 kWh t-1 flue gas for the NGCC and 9.15 kWh t-1 for the 
PC power plant. The energy consumption during the compression of the CO2 stream depends on the compressor 
inlet pressure. This pressure is set by the stripper pressure. Even if the specific energy consumption for the CO2
compression is similar for the two power plants, the power consumption will be higher for the PC power plant since 
the CO2 flow rate is greater.
Table 2. Compression works 
  NGCC  PC 
  MEAa MDEAb MDEA + TETAc  MEA
a MDEAb MDEA + TETAc
Flue gas compression /kWh t-1 flue gas  5.0  9.15 
CO2 compression /kWh t-1 CO2  87.3 74.4 83.7  81.8 64.3 75.4 
a 30 wt.% MEA – lean CO2 loading = 0.15 mol CO2/mol MEA 
b 50 wt.% MDEA – lean CO2 loading = 0.08 mol CO2/mol MDEA 
c 40 wt.% MDEA + 6 wt.% TETA – lean CO2 loading = 0.1 mol CO2/mol (MDEA+TETA) 
Impact on the power plant efficiency 
The CO2 capture impact on the efficiency of the power plants has been analyzed for the different solvents 
(Table 3). The CO2 recovery rate is equal to 85%. 
The solvent with MEA leads to an efficiency loss of 11.0%-points for the NGCC and 13.6%-points for the PC. It 
can be noticed that almost all the low-pressure steam is extracted from the steam cycle to reach a CO2 recovery rate 
of 85% for the NGCC. It should be noted that the impact of the steam extraction on the steam turbine efficiency was 
not taken into account. Bohm et al. [13] report that the last trays of a steam turbine will have to be adapted to run 
with lower steam flows. Choosing leanD = 0.25 mol CO2/mol MEA leads to an overall efficiency loss of only 7.7%-
points but may cause corrosion problems. For the NGCC, the efficiency decrease evaluated in this study is of the 
same order as what can be found in the literature. The Econamine Fluor FG Plus process leads to efficiency loss 
approximately 2.1%-points lower than that found in our study for an aqueous solvent of MEA (30 wt %) with a lean 
loading of 0.15 mol CO2/mol amine [14]. This difference is explained by the fact that the process used in our 
simulations is conventional. Moreover, there is no indication on the lean loading of solvent, parameter which has a 
major impact on the energy requirement. Indeed our simulation, carried out with MEA (30 wt %) with a lean 
loading of 0.25 mol CO2/mol amine, gives similar results. For the PC, Liljedahl et al. [15] obtained an efficiency 
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loss of 15.2%-points with MEA, slightly higher than our results. Davison [14] is more optimistic with an efficiency 
loss of 9.2%-points for the Econamine Fluor FG Plus process and 8.7%-points for the MHI process. The results of 
Aroonwilas et al. [16] are comparable with those of Davison [14] with a decrease of 9.7%-points. 
The solvent containing MDEA leads to a lower efficiency loss, about 7.8%-points for the NGCC and 9.7%-
points for the PC. However, MDEA being less reactive with CO2 than MEA, the size of the installations will be 
bigger.  
The solvent containing the blend of MDEA-TETA represents the best solution with an efficiency loss of 6.9%-
points for the NGCC and 9.3%-points for the PC. This new solvent should make it possible to limit the installations 
size and avoid corrosion problems. For the NGCC, the efficiency loss is only 0.9%-points higher than with the 
process MHI using the amine KS-1[14]. It should however be noticed that the amine concentration and the lean 
loading were not optimized in this study and that the process used in our study is basic. Kvamsdal et al. [17] 
evaluated an efficiency decrease of 8.8%-points for a recovery rate of 85%, which is still comparable with our 
results and those of Davison [14]. For the PC, Liljedahl et al. [15] calculated an efficiency decrease of 13.0%-points 
with a mixture of MEA/MDEA, much higher than the value found with the blend of MDEA and TETA. Aroonwilas 
et al. [16] report very low efficiency loss with an advanced process using an aqueous solution with a blend of MEA-
MDEA. The efficiency loss would stand between 2.6 and 4.8%-points. It seems that the penalties due to the 
compression of the flue gas and of the CO2 stream are not taken into account in their study. 
In our study, the flue gas and the CO2 compression lead approximately to the same efficiency loss, between 1.4 
and 2.3%-points. The largest efficiency loss comes from the extraction of the low-pressure steam, which counts for 
an efficiency loss ranging between 4.1 and 9.8%-points depending on the type of solvent and power plant. This 
result shows that it is necessary to focus on a minimization of the energy requirement in the stripper.  
The quantity of avoided CO2 corresponds to the difference between the CO2 emissions of the power plant 
without CO2 capture and those with CO2 capture. For a 85% CO2 recovery rate, it is about 280 g kWh-1 for the 
NGCC and 680 g kWh-1 for the PC. The efficiency loss is slightly higher for a PC. But, the quantity of avoided CO2
per kWh is much higher.  
Table 3. Efficiency loss for a CO2 recovery rate of 85% 
  NGCC  PC 
Amine  MEA MDEA MDEA TETA  MEA MDEA 
MDEA 
TETA
Amine concentration wt.% 30 50 40 + 6  30 50 40 + 6 
leanD mol/mol 0.15 0.01 0.1  0.15 0.08 0.1 
Low pressure steam extracted % 97.4 59.5 48.9  63.9 41.7 37.1 
Net electric efficiency % (LHV) 48.5 51.6 52.6  24.9 28.8 29.2 
Efficiency loss %-point 11.0 7.8 6.9  13.6 9.7 9.3 
   due to flue gas compression %-point 1.4 1.4 1.4  1.4 1.4 1.4 
   due to CO2 compression %-point 1.5 1.5 1.4  2.3 1.8 2.1 
   due to steam extraction %-point 8.1 5.0 4.1  9.8 6.4 5.7 
Avoided CO2 g kWh-1 276 280 281  658 685 688 
6. Conclusion 
The performances of a CO2 capture process were assessed for two types of power plant (NGGC and PC) with 
different aqueous solvents: containing monoethanolamine (MEA), methyldiethanolamine (MDEA) and a blend of 
MDEA and triethylene tetramine (TETA). TETA is an amine with four amino groups. Absorption rates and CO2
solubility with an aqueous solvent containing MDEA and TETA were measured experimentally in our previous 
works.
The efficiency of the process was determined by simulation using the Aspen PlusTM process software. A special 
attention has been paid to the thermodynamic model to have the best representation of the different systems. For 
MEA and MDEA, two inserts including a thermodynamic model and a set of interaction parameters have been 
selected in the database of Aspen PlusTM. For the solvent based on a blend of MDEA and TETA, the NRTL model 
has been regressed on the CO2 solubility data.  
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The solvents based on the blend of MDEA and TETA has shown good results and potentially lower costs for 
CO2 capture than more common solvents based on MEA and MDEA. The efficiency loss reaches 6.9%-points for 
the NGCC and 9.3%-points for the PC. It should be noted that the composition retained during simulations is not the 
optimal case from an energy point of view. Other compositions could lead to lower energy consumptions for the 
CO2 capture process.
The quantity of avoided CO2 is much higher with a PC than with a NGCC with respectively 680 and 280 g of 
avoided CO2 per kilowatt-hour produced. 
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